Background-Although pulmonary valve replacement (PVR) is effective in reducing right ventricular (RV) volume overload in patients with chronic pulmonary regurgitation, persistent RV dysfunction and subsequent adverse clinical outcomes have been reported. This trial was conducted to investigate whether the addition of surgical RV remodeling with exclusion of scar tissue to PVR would result in improved RV function and laboratory and clinical parameters, as compared with PVR alone. Methods and Results-Between February 2004 and October 2008, 64 patients who underwent RV outflow tract procedures in early childhood had more than or equal to moderate pulmonary regurgitation, and fulfilled defined criteria for PVR were randomly assigned to undergo either PVR alone (nϭ34) or PVR with surgical RV remodeling (nϭ30). No significant difference was observed in the primary outcome (change in RV ejection fraction, Ϫ2Ϯ7% in the PVR alone group and Ϫ1Ϯ7% in the PVR with RV remodeling group; Pϭ0.38) or in any of the secondary outcomes at 6-month postoperative follow-up. Multivariable analysis of the entire cohort identified preoperative RV end-systolic volume index Ͻ90 mL/m 2 and QRS duration Ͻ140 ms to be associated with optimal postoperative outcome (normal RV size and function), and RV ejection fraction Ͻ45% and QRS duration Ն160 ms to be associated with suboptimal postoperative outcome (RV dilatation and dysfunction). Conclusion-The addition of surgical remodeling of the RV to PVR in patients with chronic pulmonary regurgitation did not result in a measurable early benefit. Referral to PVR based on QRS duration, RV end-systolic volume, or RV ejection fraction may be beneficial. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT00112320. (Circulation. 2010;122[suppl 1]:S201-S208.)
S evere pulmonary regurgitation (PR) is common in patients with repaired tetralogy of Fallot (TOF) and other congenital heart disease requiring pulmonary valvotomy or outflow reconstruction. The resultant chronic right ventricular (RV) volume overload, as well as myocardial fibrosis and regional wall motion abnormalities, leads to RV dilatation, biventricular dysfunction, heart failure symptoms, arrhythmias, and death. [1] [2] [3] [4] [5] Pulmonary valve replacement (PVR) is highly effective in eliminating or greatly reducing PR and leads to a substantial decrease and, in some patients, normalization of RV end-diastolic volume (EDV). 6, 7 However, recovery of RV dysfunction after successful PVR has been inconsistent, with most reports demonstrating either no change or even decline in some patients. 8 -11 Based on the observation that residual scar tissue often persists in the RV after standard PVR and the experience in adult patients with left ventricular (LV) aneurysms, in whom surgical remodeling with aneurysm resection has been shown to improve LV mechanics, 12 it has been suggested that the addition of RV remodeling to PVR will result in improved RV mechanics. 13 However, no studies have systematically compared the efficacy of PVR alone with PVR with surgical RV remodeling. The goal of this prospective randomized clinical trial was to compare the effects of 2 surgical strategies, PVR alone (standard treatment) versus PVR with surgical RV remodeling, on RV mechanics and the incidence of adverse events in patients with repaired TOF or similar physiology.
Methods

Study Design
We conducted a single center, nonblinded, randomized prospective clinical trial sponsored by the National Heart, Lung, and Blood Institute of the National Institutes of Health. The trial protocol was approved by a Data and Safety Monitoring Board appointed by the National Heart, Lung, and Blood Institute and by the Children's Hospital Boston Committee on Clinical Investigation. Informed, written consent was obtained from all patients or legal guardians. Oversight of the trial was provided by the Data and Safety Monitoring Board, whose members were unaware of the study group assignments.
Subjects and Randomization
All patients older than 10 years of age with repaired TOF or similar physiology presenting to Children's Hospital Boston for PVR from February 2004 through October 2008 were eligible for enrollment if they had chronic PR measured by cardiac magnetic resonance (CMR) (PR fraction Ն25%) and Ն2 of the following criteria: (1) RV enddiastolic volume index (EDVi) Ն160 mL/m 2 ; (2) RV end-systolic volume index (ESVi) Ն70 mL/m 2 ; (3) RV ejection fraction (EF) Յ45%; (4) left ventricular EDVi Յ65 mL/m 2 ; (5) RV outflow aneurysm (defined as focal dilatation with akinetic or dyskinetic wall motion); or (6) clinical criteria (eg, exercise intolerance, symptoms and signs of heart failure, or cardiac medications). Exclusion criteria included any of the following: (1) severe RV outflow tract obstruction (defined as peak systolic ejection gradient Ն60 mm Hg by cardiac catheterization); (2) severe RV hypertension at systemic or higher level;
(3) additional sources of RV volume overload other then pulmonary or tricuspid valve regurgitation (eg, partially anomalous pulmonary venous connection); and (4) contraindications to preoperative CMR.
All patients underwent preoperative diagnostic cardiac imaging according to institutional clinical practice. After determination of eligibility, the patient's cardiologist and cardiovascular surgeon were asked for permission to seek enrollment in the trial. Following informed consent, patients were enrolled and randomized to undergo either PVR alone (standard treatment) or PVR with surgical RV remodeling. Randomization was performed with a computerized random number generator (Harvard School of Public Health) in permuted blocks and stratified by surgeon. Treatment crossover after randomization based on the surgeon's intraoperative judgment was allowed, but primary analyses were performed on an intention-to-treat basis. Data collection began at the time of enrollment and continued prospectively through the preoperative evaluation, operative and postoperative hospitalization, and clinical assessment 6 months after surgery.
Surgical Procedure
The techniques for PVR alone and for PVR with RV remodeling have been described in detail previously. 13 Briefly, surgery was performed through median sternotomy on cardiopulmonary bypass with mild hypothermia (core temperature 30 to 34°C) with the heart beating, except for cases with an interatrial communication. Once cardiopulmonary bypass was established, a longitudinal incision was made parallel to the axis of the RV outflow tract, extending across the RV infundibulum to the proximal main pulmonary artery. When present, aneurysms of the outflow patch were resected (considered a standard part of PVR regardless of treatment group assignment). A bioprosthetic valve (gluteraldehyde preserved bovine pericardial valve mounted on a rigid sewing ring; Edwards Lifesciences or Sorin Mitroflow) was then selected based on the predicted pulmonary annulus size for body surface area. The valve was attached to the RV outflow-pulmonary artery junction by interrupted or continuous nonabsorbable sutures placed circumferentially around the sewing ring. Once the valve was fixed in place, the ventriculotomy was closed with a continuous monofilament suture reinforced with pledgets or felt strips to prevent tearing through the RV tissue. Additional surgical procedures (eg, tricuspid valvuloplasty, Maze procedure) were performed as clinically indicated.
In patients assigned to PVR with RV remodeling, contiguous regions of transmural scar in the RV anterior wall and infundibulum apart from the previous patch were identified by visual inspection and palpation. These regions were characterized by their thin wall, which, in contrast to viable myocardium, collapsed during diastole. The right ventriculotomy was then extended through the scar tissue, confirming its presence until viable myocardium was encountered. Once the bioprosthetic valve was sutured in the RV outflow-pulmonary artery junction using the same technique as in patients with PVR alone, scar tissue was resected, and the extended right ventriculotomy was closed using plication to exclude any remaining scar tissue.
Patient Evaluation
The preoperative and 6-month postoperative evaluations included a detailed history and physical examination with emphasis on symptoms and signs of heart failure, a standard 12-lead ECG and a signal average ECG, a 24-hour Holter monitor, an exercise test comprised of symptomlimited progressive bicycle ergometry with a metabolic cart, a transtho-racic echocardiogram, a CMR study, and a questionnaire-based assessment of physical and mental status using the SF-36 Physical and Mental Health Summary Scale or the Child Health Questionnaire (CHQ-PF50), depending on age and developmental status. Cardiac catheterization was not a requirement, although data were recorded if it was performed for clinical indications. Intraoperative data included details of the surgical procedure, length of surgery (time from skin incision to skin closure), cardiopulmonary bypass time, cross-clamp time, length of RV incision, and in the PVR with RV remodeling group, length and width of RV remodeling. Intra-and postoperative adverse events were recorded, as well as time on mechanical ventilation, length of stay in the intensive care unit, and length of stay in the hospital. Predischarge tests included a 12-lead ECG, a 24-hour Holter monitor, and an echocardiogram. Details of the CMR study protocol and analytic techniques used in our laboratory for assessment of patients with repaired TOF have been published previously, 3, 14, 15 as was the exercise study protocol. 16 
Outcomes
The primary outcome was change in RV EF measured by CMR 6 months postoperatively compared with the preoperative RV EF. Secondary outcomes were changes in the following 3 categories 6 months postoperatively compared with the preoperative values: (1) measures of RV and LV mechanics evaluated by CMR, including EDVi, ESVi, ventricular mass index, and mass-to-volume ratio; (2) clinical status score measured by the SF-36 or CHQ-PF50 questionnaires; and (3) laboratory measures of exercise capacity and anaerobic threshold, pulmonary function, QRS duration, QT dispersion, ventricular ectopy, T-wave alternans, and heart rate turbulence on Holter monitor. In addition, we compared the treatment groups in terms of incidence and severity of adverse events.
To further evaluate the effects of PVR with and without RV remodeling on outcomes at 6 months after surgery, we analyzed the associations between preoperative and intraoperative variables and 2 outcome categories, optimal and suboptimal postoperative status. Optimal outcome was defined as normal RV size (EDVi Յ114 mL/m 2 ) and function (EF Ն48%). Suboptimal outcome was defined as RV dilatation (EDVi Ն120 mL/m 2 ) and dysfunction (EF Յ45%).
Statistical Analysis
Sample size calculations were based on a 2-sided, 2-sample comparison of the primary outcome variable, change in RV EF. Assuming a SD of 6%, 17 60 patients (30 per treatment group) would provide 90% power to detect a mean difference of 5% in change in RV EF.
All treatment group comparisons were performed on an intention-totreat basis. Patient and clinical characteristics and surgical variables were compared between treatment groups to ensure comparability of the groups at baseline. Fisher's exact test was used for categorical variables, the Wilcoxon rank sum test for ordinal variables and for continuous variables that were not normally distributed, and the 2-sample t test for normally distributed continuous variables. Changes in outcome variables from baseline to 6 months after PVR were compared using the 2-sample t test or the Wilcoxon rank sum test as appropriate. Comparisons were first made for only those patients who returned for the 6-month follow-up visit and then carrying forward the baseline values (implying no change) of those who failed to return. If treatment group differences were not found, the groups were combined to evaluate changes over time using the paired t test or the Wilcoxon signed-rank test. Logistic regression analysis was used to examine the relationships between baseline patient and clinical characteristics and optimal and suboptimal status at 6-month follow-up for the 2 treatment groups combined. Receiver-operator characteristic curves were used to identify relevant cutoff values for selected continuous predictor variables.
Results
Patients
Between February 1, 2004, and October 15, 2008, 139 patients referred for PVR at our institution were screened for study eligibility, of whom 82 (59%) met inclusion criteria. Of this group, 17 (21%) declined enrollment and 1 (1%) with-drew after initial consent, leaving 64 patients (78%) who enrolled, were randomized, and underwent PVR according to study protocol. Of the study group, 61 patients (95%) completed the 6-month postoperative evaluation. Selected preoperative features of 10 of these patients were included in the study of Wald et al. 3 Table 1 summarizes the demographic and preoperative characteristics of the study patients. Demographic and preoperative characteristics were similar among patients who enrolled in the trial and those who declined participation. Associated cardiovascular anomalies included right aortic arch in 11 patients (17%), branch pulmonary artery stenosis in 10 (16%), patent foramen ovale or secundum atrial septal defect in 6 (9%), left superior vena cava to coronary sinus in 2 (3%), and anomalous coronary artery origin in 2 (3%).
Surgical Procedures
Of the 34 patients who were assigned to undergo PVR alone, 33 (97%) underwent the assigned operation and 1 crossed over to PVR with RV remodeling due to a large, calcified scar. Of the 30 patients who were assigned to undergo PVR with RV remodeling, 28 (93%) underwent the assigned operation and 2 crossed over to PVR alone due to lack of resectable scar tissue.
The treatment groups were similar in age at surgery, duration of operation, total cardiopulmonary bypass time, aortic cross clamp time, lowest core temperature, size of the bioprosthetic pulmonary valve, and use of RV outflow patch ( Table 2 ). The extent of RV plication in the PVR with RV remodeling group is detailed in Table 2 . The frequency of associated procedures was also similar among the groups.
There were no deaths in this trial. Only 1 serious intraoperative complication occurred in a patient assigned to the PVR group, bleeding during median sternotomy that required emergency cannulation for cardiopulmonary bypass. The remainder of this patient's operation and the hospital course were uneventful. There were no significant differences between groups in terms of postoperative course, including rate of complications, frequency of pressor support, durations of mechanical ventilation, length of stay in the cardiac intensive care unit, or time to hospital discharge ( Table 2) . None of the patients in this cohort had ventricular tachycardia on Holter monitor.
Primary Outcome
Change in RV EF 6 months postoperatively compared with the preoperative RV EF, measured by CMR, was Ϫ2Ϯ7% in the PVR alone group and Ϫ1Ϯ7% in the PVR with RV remodeling group (Pϭ0.38) (Figure and Table 3 ).
Secondary Outcomes
There was no significant difference between the treatment groups in any of the secondary outcome variables 6 months postoperatively compared with the preoperative values ( Table  3 ). The lack of treatment benefit persisted after controlling for surgeon and in analyses by treatment received. In addition, the incidence and severity of adverse events was similar in the treatment groups.
Predictors of Postoperative Status
Given that postoperative outcomes were similar in both treatment groups, subsequent post hoc analyses combined all patients. Table 4 compares the clinical, laboratory, and functional parameters before and 6 months after surgery for all patients. Median length of hospital stay (days) 6 (4 to 16) 6 (4 to 13) 6 (5 to 16) 0.22
Data presented as median (range) or meanϮSD, as appropriate. AICD, automatic implantable cardioverter defibrillator; ASD, atrial septal defect; ICU, intensive care unit; PFO, patent foramen ovale; PVR, pulmonary valve replacement; RVOT, RV outflow tract; VSD, ventricular septal defect. *Closure of aorta-to-main pulmonary artery fistula (nϭ1); mitral valve prolapse repair (nϭ1); tracheal dilatation (nϭ1); ascending aorta aneurysm repair (nϭ2). **Bleeding during median sternotomy requiring emergent cardiopulmonary bypass in 1 patient and ventricular tachycardia or fibrillation requiring cardioversion in 2 patients.
Multiple preoperative variables were associated with an optimal postoperative outcome (normal RV size and systolic function) ( Table 5 ). Of the 60 patients with complete 6-month follow-up data, 11 (18%) had an optimal outcome based on the defined criteria. Preoperative RV EDVi was not associated with an optimal postoperative outcome. Multivariable analysis considering all preoperative parameters identified preoperative QRS duration Ͻ140 ms as the only independent predictor of optimal outcome (odds ratio [ Multiple preoperative variables were associated with a suboptimal postoperative outcome (dilated RV and systolic dysfunction) ( 
Discussion
This clinical trial compared the postoperative outcomes of PVR alone with those of PVR with remodeling of the RV in patients with severe chronic PR and RV dilatation. The elimination of PR was associated with marked reduction in RV EDV and RV ESV, unchanged RV EF, lower RV outflow tract gradient and RV systolic pressure, increased LV EDV, unchanged exercise parameters, and significant improvements in measures of symp- toms and functional status. However, both the primary and the secondary outcomes of the 2 study groups were similar, and the addition of RV remodeling to PVR was not associated with a measurable benefit 6 months after surgery. The lack of treatment benefit persisted after controlling for surgeon and for treatment received. Notably, the rates of intra-and postoperative complications were similar in the 2 treatment groups.
Several possible reasons might explain the negative outcome of this trial. The amount of scar tissue excluded from the RV free wall in the experimental group may have been insufficient to remodel the chamber to a degree that significantly alters wall stress and translates into mechanical or clinical benefit. It is also conceivable that modifications of the geometry and/or location of the remodeling may be required to reduce wall stress. Another possibility is that the time interval between surgery and postoperative evaluation was too short and that some benefits may manifest later. However, van Straten et al, 10 in a study that examined the time course of changes in RV size and function after PVR in 25 patients, found no further changes from 7 months after surgery to 19 months. Lastly, we cannot exclude the possibility that by the time PVR was performed, irreversible myocardial damage with myocytes loss and diffuse fibrosis resulted in lack of improvement in RV function. Notably, similar failure to show clinical benefit from surgical remodeling of the LV in patients undergoing coronary bypass was recently reported by Jones et al. 18 Given the lack of a measurable treatment effect, we combined the study groups and analyzed preoperative factors associated with optimal and suboptimal outcomes 6 months after PVR. In contrast to previous studies that focused on normalization of RV EDV after PVR, 9, 11, 19, 20 we required both normal RV size and function to satisfy the requirement for an optimal postoperative outcome and, similarly, both persistent dilatation and dysfunction for a suboptimal postoperative outcome. Moreover, to clearly separate between optimal and suboptimal outcomes, the criteria for RV size and function did not overlap, thus excluding patients with mild postoperative RV dilatation and dysfunction. RV EF Յ45% was selected because it was previously found to be an independent risk factor for major adverse clinical outcomes in patients with repaired TOF. 4 That analysis found that preoperative QRS duration Ͻ140 ms and RV ESVi Ͻ90 mL/m 2 were associated with normal postoperative RV size and function, whereas preoperative QRS duration Ն160 ms and RV EF Յ45% were associated with persistent postoperative RV dilatation and dysfunction. Given that preservation of RV mechanics is an important goal of PVR, these findings suggest that earlier surgical or transcatheter valve implantation in patients with PR may be beneficial. These observations are different from those in studies that identified threshold values of RV EDV as an indication for PVR 9, 11, 19, 20 but are in agreement with the findings of Henkens et al, 8 who found that preoperative RV ESVi and RV EF (corrected for PR and other shunts) best predicted postoperative RV size and systolic function. Importantly, although it remains unknown whether pulmonary valve implantation based on the findings of this cohort translates into survival or quality of life benefits, recent evidence indicates that delaying PVR until overt symptoms manifest, QRS duration reaches or exceeds 180 ms, or preoperative RV size and function are markedly abnormal is associated with excess morbidity and mortality after PVR. [21] [22] [23] 
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Limitations
We cannot exclude the possibility that some treatment effects may manifest later than 6 months postoperatively. Given that RV mechanics may continue to evolve during late follow-up and that ventricular tachycardia can manifest years after PVR, 22 continued follow-up of this cohort is warranted. Furthermore, given that RV remodeling was not designed to achieve a predetermined geometric goal, further research should examine whether patient-specific, CMR-based preoperative computer modeling of the operation may lead to improved postoperative RV mechanics.
Conclusions
In this trial, the addition of surgical RV remodeling to PVR alone in patients with chronic PR did not result in a measurable benefit. Analysis of the entire cohort found that preoperative RV ESVi Ͻ90 mL/m 2 and QRS duration Ͻ140 ms were associated with normal postoperative RV size and function, whereas preoperative RV EF Յ45% and QRS duration Ն160 ms were associated with persistent postoperative RV dilatation and dysfunction. These criteria suggest that use of QRS duration and RV ESVi threshold values for surgical or transcatheter valve implantation in patients with PR may be beneficial. Finally, given the large number of patients with persistent RV dysfunction after PVR, exploration of new techniques aimed at restoring ventricular function is warranted.
